Abstract-In this paper, a plug-in digital repetitive learning control scheme is proposed for three-phase constant-voltage constant-frequency (CVCF) pulsewidth modulation inverters to achieve high-quality sinusoidal output voltages. In the proposed control scheme, the repetitive controller (RC) is plugged into the stable one-sampling-ahead-preview-controlled three-phase CVCF inverter system using only two voltage sensors. The RC is designed to eliminate periodic disturbance and/or track periodic reference signal with zero tracking error. The design theory of plug-in repetitive learning controller is described systematically and the stability analysis of overall system is discussed. The merits of the controlled systems include features of minimized total harmonics distortion, robustness to parameter uncertainties, fast response, and fewer sensors. Simulation and experimental results are provided to illustrate the effectiveness of the proposed scheme.
I. INTRODUCTION
T HE constant-voltage constant-frequency (CVCF) pulsewidth modulation (PWM) inverters that are used to convert dc voltage to CVCF sinusoidal voltage are widely employed in uninterrupted power supply and other industry facilities. Total harmonic distortion (THD) is one important index to evaluate the performance of the inverters. The harmonics lead to communication interference, excessive heating in capacitors and transformers, solid-state device malfunctions, and so on. Nonlinear loads and parameter uncertainties, causing periodic tracking error, are major sources of THD in ac power systems.
Over the past decades, the high-precision control of CVCF PWM inverters has attracted much attention [1] . In [2] - [5] , a deadbeat controller is designed to force the output voltage track reference sinusoidal voltage. A sliding-mode controller [6] , [9] - [11] and a hysteresis controller [7] are proposed to overcome parameter uncertainties and load disturbance. A disturbance observer [8] is adopted to reduce the influence of load disturbance. However, these feedback control schemes do not have memory and any imperfection in performance will be repeated in all following cycles. The repetitive learning control method [12] , based on the internal model principle [13] , is used to achieve high accuracy in the presence of uncertainties for servomechanism in [14] . In most applications, repetitive control is implemented using digital methods [15] , [16] . Applications The authors are with the School of Electrical and Electronics Engineering, Nanyang Technological University, Singapore 639798 (e-mail: klzhou@ yahoo.com; edwwang@ntu.edu.sg).
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of discrete-time repetitive controllers (RCs) include robots [17] , disc drives [18] , the steel casting process [19] , satellites [20] , etc. An RC is applied in a single-phase PWM inverter with preliminary results [21] - [23] .
In this paper, the design of a plug-in discrete-time repetitive learning controller is presented and applied to a three-phase CVCF PWM inverter. The design of a plug-in repetitive learning controller is completely formulated. A plug-in RC is designed for the three-phase CVCF PWM inverter, and stability is analyzed. To show the validity of proposed method, simulation and experimental results are illustrated.
II. DESIGN OF DISCRETE-TIME RC
In discrete time, a periodic signal with a period can be generated by a delay chain with a positive feedback loop [as shown in Fig. 1(a) ]. Consider the discrete-time repetitive control system shown in Fig. 1(b) , where is the reference input signal, is the output signal, is the disturbance signal, is the tracking error signal, is the transfer function of the plant, and is the repetitive signal generator; plug-in RC is the feedforward compensator, and is the conventional feedback controller.
is chosen so that the following closed-loop transfer function is asymptotically stable: (1) where is the known number of pure time step delays, is the uncancelable portion of , and is the cancelable portion of . Based on the internal model principle [13] , the zero error tracking of any reference input in the steady state can be achieved if a generator of the reference input is included in the stable closed-loop system. Therefore, for a periodic reference input, the RC is plugged into the system shown in Fig. 1 as follows [15] : (2) where the repetitive signal generator and the filter are chosen as follows: 
where is the repetitive control gain, with being the reference signal frequency and being the sampling frequency, is obtained from with replaced by , is a scalar chosen so that is the order of , and makes the filter realizable. in (4) is an implementation of the zero phase error tracking controller design [24] .
From Fig. 1 , the transfer functions from and to in the overall closed-loop system are respectively, derived, as (5) (6) and the error transfer function for the overall system is (7) From (1) and (5)- (7), it can be concluded that the overall closed-loop system is stable if the following two conditions hold:
1) the roots of are inside the unit circle; 2)
for (8) Obviously, if the overall closed-loop system shown in Fig. 1 (9) Equation (9) implies that zero steady-state error is obtained with repetitive learning control for any periodic disturbance or reference whose frequency is less than half of the sampling frequency.
Because the open-loop poles of the repetitive learning controller are on the stability boundary, the stability of the overall system is sensitive to unmodeled dynamics [17] . In order to enhance the robustness of the system, a low-pass filter [17] is used in the repetitive learning controller as follows: (10) where (11) where ( ; ) are coefficient to be designed.
Notice that is a moving average filter that has zero phase shift and bring all open-loop poles inside the unit circle except the one at 1. A first order filter is generally sufficient. On the other hand, high frequency periodic disturbance are not perfectly canceled by this controller. In this case, a tradeoff is made between tracking precision and system robustness [25] . And correspondingly, equation (8) is conservatively modified as follows [18] : 
III. REPETITIVE-CONTROLLED THREE-PHASE CVCF PWM INVERTER

A. Modeling Three-Phase CVCF PWM Inverter
The electrical dynamics of a three-phase PWM inverter as shown in Fig. 2 can be described as follows [8] : (13) where the output line-to-line voltages , , and and phase currents , , and are state variables, PWM modulated voltages , , and are control inputs, and , , and are the corresponding pulsewidths in one sampling interval, is the nominal dc-bus voltage, and , , and are the nominal values of the inductor, capacitor and resistant load, respectively.
Through 3/2 and 2/3 transformations between , and [26] , (13) can be transformed into (14) Equation (14) indicates that the two-phase system can be decoupled into two identical independent single-phase systems as follows: (15) where or , or , and or . For a linear system , its sampled-data equation can be expressed as . Therefore, a sampled-data form for (15) can be derived as follows: (16) where
B. Problem Description
Consider a three-phase CVCF PWM inverter described by (16) and the following discrete-time output equation: (17) Given desirable trajectory being a periodic function, i.e.,
, where the period of is , we are to design a feedback controller and a plug-in RC to achieve, in the presence of uncertainties and disturbance, (18) In other words, the objective is to force , , and track , , and with zero error at the sampling points.
C. Design of Digital Controller
According the theory in Section II, the digital controller for three-phase CVCF PWM inverter is comprised of two parts: a conventional feedback controller and a plug-in RC.
1) Conventional Feedback Controller:
The ARMA equation for the dynamics (16) and (17) can be obtained as follows: 2) Plug-In RC: In addition to a sampling time tracking error, OSAP controllers depend on the accuracy of the model parameters. In practice, load disturbances , parameter uncertainties and , and dc-bus voltage disturbance lead to large tracking errors. Then, a repetitive learning controller can be applied to overcome the periodic disturbance and parameter variations. According to the repetitive learning control mentioned in Section II, the RC is proposed as follows: (21) In order to enhance the robustness, can be set as , where
. If , in sampled-data form, the RC (21) can be expressed as follows: (22) In fact, (22) is the same as an anticipatory learning control law [27] .
D. Robustness Analysis
With the presence of the uncertainties , , , and , the ARMA equation for the actual plant becomes (23) where , , , and are calculated on the basis of the practical parameters , , , and .
Therefore, when the OSAP controller (20) is applied to the plant (23), the closed-loop transfer function without RC controller becomes (24) According to the stability analysis in Section II, the overall system is stabilized if:
1) all poles of in (24) are inside the unit circle; 2)
, where can be larger due to the introduction of . 
E. Simulation and Experiment
All the simulation and experimental studies are carried out using the three-phase PWM inverter system as shown in Fig. 3 .
The following parameters are used for simulations and experiments: V, F, H, ; F, H, V; , , and are -Hz 20-V peak three-phase sine voltages; sampling and switching frequency kHz; ; and , . As shown in Fig. 4 (a), with these above parameter values and when , all the poles of the closed-loop transfer function in (24) without RC are located inside the unity circle, the system is stable.
As shown in Fig. 4(b) , the maximum gain of in the frequency domain is no more than 116. According to the sta- Fig. 10 . Experimental setup. bility condition for repetitive control design, the system with RC is stable if . We choose . Under some transient cases, such as plug-in of rectifier load, overcurrent might occur. Without an internal current regulator, the power switches should be shut down when the transient overcurrent flowing through switches is detected, and then the whole inverter system stops working. In practice, in order to overcome the transient overcurrent, an internal hysteresis current regulator is used. If any one peak of inductor currents , , and exceeds an upper threshold value , all the PWM control inputs will be dynamically turned off; if all the peaks of , , and drops to be less than a lower threshold value , all the PWM control input will be turned on immediately. Hence, the currents that flow through power switches will be limited by the threshold value . In our simulations and experiments, A and A. Figs. 5 and 6 show the simulation results of the OSAP-controlled and RC OSAP-controlled three-phase PWM inverters under no load ( ) and uncontrolled rectifier load ( mF, ), respectively. It is obviously shown that the RC forces the output line-to-line voltage to approach the reference line-to-line voltage under different loads and significantly reduces the tracking error, respectively.
1) Simulation Results:
Figs. 7 and 8 show the simulation results of the OSAP RC-controlled transient responses with/without internal current regulator when an uncontrolled rectifier load ( mF, ) is plugged in. Without an internal current regulator, the output transient current surges to 30 A and the peak of inductor currents reaches 35 A; with an internal current regulator, the output transient current drops to 18 A and the peak of inductor currents is restricted to be less than 15 A. Obviously, the internal current regulator can successfully overcome the transient overcurrents. Moreover, the system is robust to the transient current surge. Fig. 9 shows the simulation results of the OSAP RC-controlled transient responses under sudden load changes between , , , and ). It can be seen that the controlled inverter is also robust to sudden load variations.
2) Experimental Results: An experimental setup, as shown in Fig. 10 , has been built for the converter system shown in Fig. 3 . Dead time for insulated gate bipolar transistor (IGBT) power switches is 3 s. The OSAP plus repetitive PWM control is implemented in a DSPACE (DS1102) digital signal processor (DSP) system which results in about 70-s computational delay. In the proposed control scheme, only two voltage sensors and two current sensors are used for the experiment. Fig. 11 shows the experimental results of the OSAP and OSAP-RC-controlled three-phase CVCF PWM inverters under balanced load ( ). Output line-to-line voltage is about 18.6-V sine wave with the OSAP controller in Fig. 11(a) ; output voltage approaches 20-V sine wave with the OSAP RC controller in Fig. 11(b) . Furthermore, Fig. 11(c) shows the tracking error is reduced from about 1.4 V to be less than 0.3 V after about 4 s when the RC controller is plugged into the OSAP-controlled inverter. Fig. 12 shows the experimental results of the OSAP-and OSAP RC-controlled inverters under uncontrolled rectifier load ( F, ). The OSAP-controlled output line-to-line voltage is about 17.3-V sine wave and is distorted by a current surge in Fig. 12(a) ; the OSAP RC-controlled output voltage approaches 20-V sine wave and has less distortion with the OSAP RC controller in Fig. 12(b) . Fig. 12(c) shows the peak of tracking error is reduced from about 2.7 V to be less than 0.8 V after about 4 s when the RC controller is plugged into the OSAP-controlled inverter. Fig. 13 shows the experimental results of the OSAP-and OSAP RC-controlled inverters under unbalanced load ( F, ), where an uncontrolled rectifier load ( F, ) is connected between ports 1, 2, and 3 and is left open circuited. It is observed from the experimental result that the plug-in RC successfully forces the peak of tracking error from about 1.5 V to be less than 0.6 V under unbalanced load, and the distortion caused by the current surge is also reduced significantly.
In fact, almost identical responses for other output line-to-line voltages and are obtained in the experiments. Also, it should be pointed out that the residue tracking errors can be reduced further by increasing the sampling frequency .
IV. CONCLUSION
In this paper, a plug-in discrete-time repetitive learning controller was designed for the three-phase CVCF PWM inverters to achieve high-quality sinusoidal output voltages. Only two voltage sensors and two current sensors are used. It is shown that the periodic tracking errors caused by parameter uncertainties ( and ), nonlinear load disturbances (such as rectifier load), and dc-bus voltage deviation are eliminated by the plug-in RC. Moreover, the proposed control scheme possesses the robustness properties to large disturbances and parameter variations and offers less output voltage THD. Simulation and experimental results were provided to validate the proposed control scheme.
